Soil temperature influences crop growth and quality under field and greenhouse conditions; however, precise investigation using controlled cultivation systems is largely lacking. We investigated effects of root-zone temperatures on growth and components of hydroponically grown red leaf lettuce (Lactuca sativa L. cv. Red Wave) under a controlled cultivation system at 20˚C. Compared with ambient root-zone temperature exposure, a 7-day low temperature exposure reduced leaf area, stem size, fresh weight, and water content of lettuce. However, root-zone heating treatments produced no significant changes in growth parameters compared with ambient conditions. Leaves under low root-zone temperature contained higher anthocyanin, phenols, sugar, and nitrate concentrations than leaves under other temperatures. Root oxygen consumption declined with low temperature root exposure, but not with root heating. Leaves of plants under low rootzone temperature showed hydrogen peroxide production, accompanied by lipid peroxidation. Therefore, low temperature root treatment is suggested to induce oxidative stress responses in leaves, activating antioxidative secondary metabolic pathways.
to acclimate to the hydroponic system. At 22 DAS, root-zone temperature treatments were initiated under the same light condition. Root-zone heating (25˚C and 30˚C) was applied with an IC auto heater (DS 150; DEX Co. Ltd., Japan). Low root-zone temperature (10˚C) was maintained by cooling the nutrient solution using a cool water circulator (Coolman pal C-307, Shibata Co. Ltd., Japan). After 7 days of root temperature treatment (29 DAS) , plants were harvested and the growth parameters and components were analyzed. Specific leaf area (SLA) was calculated as the plant leaf area divided by the leaf dry weight.
Measurement of Total Phenol Content
The total phenol content was measured using the modified Folin-Ciocalteu method described previously [38] , with slight modifications. Leaf segments (50 mg) were homogenized with 500 µL of 90% methanol and stored at 4˚C overnight. The sample was then centrifuged at 10,000 g for 5 min at room temperature. The supernatant (50 µL) was diluted with distilled water to 650 µL, and 50 µL phenol reagent was mixed with it. After adding 300 µL of 5% sodium carbonate, the mixture was incubated at 25˚C for 30 min. The absorbance of the supernatant was measured at 765 nm, and a standard curve was prepared using gallic acid. The absorbance was converted to the total phenol content in terms of milligrams of gallic acid equivalent per gram of fresh weight of sample.
Measurement of Anthocyanin Content
The anthocyanin content was spectrophotometrically measured as described previously [38] , with slight modifications. Leaf segments (50 mg) were homogenized with 1 mL methanol containing 1% hydrochloric acid and stored at 4˚C overnight. The sample was then centrifuged at 10,000 g for 5 min at room temperature. The absorbance of the supernatant was measured at 533 nm, and a standard curve was prepared using cyanidin-3-glucoside. The absorbance was converted to the total phenol content in terms of milligrams of cyanidin-3-glucoside equivalent per gram of fresh weight of sample.
Measurement of Ascorbic Acid (AsA) Content
AsA content was measured as described previously [39] , with slight modifications. Leaf segments (1 g) were homogenized with 10 mL 5% (w/v) metaphosphoricacid. The sample was then centrifuged at 6000 g for 5 min at room temperature. AsA was measured in the supernatant with a reflectometer (RQflex plus, Merck, Germany) and analysis strips (Ascorbic Acid Test, Merck).
Measurement of Soluble Solid Content
Leaf segments were homogenized with mortar and pestle, and the homogenates were filtered with a filter paper (No. 1, Whatman plc., UK) to remove tissue debris. The soluble solids content was measured as Brix degree using an Atago PAL-1 Handheld Digital Brix Refractometer (Atago, Japan).
Measurement of Nitrate Content
Leaf segments (50 mg) were homogenized with 1 mL deionized water. The homogenate was filtered through a filter paper to remove tissue debris. The nitrate content was measured with a reflectometer (RQflex plus) and analysis strips (Nitrate Test, Merck).
Measurement of Root Activity
Fresh roots (50 mg) were washed with distilled water and submersed in a 50 mL tube with oxygen-saturated nutrient solution for 1 h. The initial and final dissolved oxygen concentrations were measured using dissolved oxygen meter DO-5509 (Lutron, Taiwan), for calculation of the depleted dissolved oxygen.
Measurement of Oxidative Stress
A leaf disc after 7 days of root-zone temperature treatment was treated with 1 mg•mL −1 3,3′-diaminobenzidine (DAB) solution and incubated for 5 h. The treated leaf disc was boiled in 90% ethanol at 95˚C for 3 min and then observed under a light microscope. The radical scavenging activity was measured using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals and expressed as the percentage of DPPH radical neutralization after 30-min incubation as previously described [38] . The level of malondialdehyde (MDA, a lipid peroxidation product) was determined by thiobarbituric acid reaction (TBAR) method [40] , with slight modification. A fresh leaf segments (100 mg) were homogenized in 0.5 mL of 0.1% trichloroacetic acid (TCA) solution. The homogenate was centrifuged at 10,000 g for 5 min, and 0.2 mL of the supernatant was added to 0.8 mL of 0.5% TBA in 20% TCA. The mixture was incubated at 95˚C for 30 min and then the reaction was stopped by cooling on ice. After centrifugation at 10,000 g for 5 min at room temperature, the absorbance of the supernatant was measured at 532 nm and the nonspecific absorbance at 600 nm was subtracted. The concentration of MDA was quantified using a molar extinction coefficient of 155 mM −1 •cm −1 .
Data Analysis
The data obtained for each parameter were analyzed with the statistical package JMP (SAS Institute, Cary, NC, USA). Differences among treatments were determined by one-way analysis of variance (ANOVA). Mean comparisons were made using the Tukey-Kramer honestly significant difference multiple range test at p < 0.05.
Results

Plant Growth
Red leaf lettuce plants at 22 DAS were treated with 4 different root-zone temperatures (10˚C, 20˚C, 25˚C, and 30˚C) at 20˚C air temperature. After 7 days of treatment, the shoot size was reduced in plants in the low rootzone temperature treatment (10˚C) group from that of the plants in the 20˚C ambient root-zone temperature ( Figure 1 ). In contrast, root-zone heating treatments (25˚C and 30˚C) led to no obvious morphological changes (Figure 1 ). In the growth parameter analysis, the leaf area was decreased by root-zone cooling from that of the plants at other temperature treatments, whereas no significant difference was observed in leaf number ( Table 1) .
Similarly to leaf area, the stem diameter was smaller in plants under low root-zone temperature treatment than that in the plants under other treatments ( Table 1) . Stem length was increased by root-zone heating, especially at 25˚C, and was not influenced by root-zone cooling ( Table 1) . Top and root fresh weights were reduced by low root-zone temperature treatment from those of the plants with ambient conditions ( Table 2) . Although no statistically significant difference was observed between different root-zone temperature treatments, the top and root dry weights under low root-zone temperature treatment tended to be lower than those of the plants under ambient root-zone temperature treatment ( Table 2) . Water contents of the top and root were significantly decreased in plants exposed to low root-zone temperature ( Table 2) . SLA was significantly lower under 10˚C than that under 20˚C treatment ( Table 2 ), indicating that low root-zone temperature led to leaf thickening.
Nutrient Content
Root-zone cooling at 10˚C promoted red pigmentation of the leaves (Figure 1) , suggesting anthocyanin accumulation. In accord with this observation, the anthocyanin and total phenol contents in the leaves were approximately 2-fold greater in the plants under low root-zone temperature treatment than those in plants under other temperature treatments (Figure 2(a) and Figure 2(b) ). The leaf ascorbic acid content was slightly increased by root exposure to low temperature, but this difference was not statistically significant (Figure 2(c) ). Leaf and root sugar contents, measured by the soluble solid content expressed as Brix degree, were elevated by the root-zone cooling treatment (Figure 3) . Heating the root-zone to 30˚C led to no obvious changes in leaf Brix, but significantly increased root Brix from that of the plants with ambient conditions (Figure 3) . With respect to nitrate accumulation, the leaf nitrate content under cool root-zone temperature was less than half of that of the plants under ambient conditions (Figure 4) . In contrast, the root nitrate content was not influenced by low root-zone temperature (Figure 4) . High root-zone temperature treatments did not affect nitrate concentrations in leaves and roots (Figure 4 ).
Oxidative Stress
Several stresses to the root-zone alter root respiration [41] - [43] . To monitor the stress response induced by different root-zone temperature treatments, root respiration represented by the root oxygen consumption was measured. The root oxygen consumption was significantly decreased by 40% in plants under low root-zone temperature treatment from that in the plants with ambient temperature treatment, whereas root-zone heating treatments led to no significant changes ( Figure 5) . Anthocyanins act as antioxidative compounds protecting plant cells from reactive oxygen species (ROS) [44] . Because low root-zone temperature treatment induced the production of anthocyanin in leaves (Figure 2(a) ), we assessed leaf oxidative stress by monitoring the hydrogen peroxide content using DAB. The levels of leaf hydrogen peroxide were increased by low root-zone temperature Figure 4 . Effect of root-zone temperature on the nitrate content in red leaf lettuce. Vertical bars represent ± SE (leaf; n = 6, root; n = 4). Significant differences were detected by Tukey's multiple comparison test (p < 0.05). Statistical analyses were performed separately for the leaf and root, and results are shown by lower-case letters without and with single apostrophes, respectively. (Figure 6 ), suggesting the presence of oxidative stress in leaves. To assess this stress, ROS scavenging activities were measured as DPPH radical scavenging capacity. This capacity was significantly increased under 10˚C root-zone treatment from that of plants with ambient temperature treatment (Figure 7) . In support of these results, the lipid peroxidation in leaves, measured by the level of MDA content, was strongly increased by root exposure to low temperature (Figure 8 ).
Discussion
Although suboptimal root-zone temperature tends to restrict plant growth, responsiveness to root-zone temperature depends on the plant species [45] . For instance, six Cucurbitaceae species exhibited different responses in the form of changes of biomass, photosynthesis, and stomatal conductance at root-zone temperatures between 14˚C and 34˚C [45] . In leaf vegetables, baby leaf plants of greenhouse-grown Valerianella locusta treated with high (25˚C) or low (15˚C) root-zone temperature displayed smaller plant size than that of plants treated with a Figure 6 . Effect of root-zone temperature on hydrogen peroxide production in red leaf lettuce leaves. middle temperature (20˚C) [36] . In the present study we showed that exposure of red leaf lettuce roots to low temperature significantly reduced leaf area, stem diameter, and fresh weight of tops and roots ( Table 2 ). These findings suggest that low temperature treatment of roots triggers stress responses in the whole plant, resulting in the reduction of leaf and root growth. Our experiment showed that root-zone heating led to no significant changes of plant biomass ( Table 2) . In contrast to our results, root-zone cooling at 20˚C increased the biomass of aeroponically grown lettuce from that in plants with ambient conditions (24˚C -38˚C) in a tropical greenhouse [46] . Because these experimental air and ambient root-zone temperatures were presumably higher than ours, root-zone cooling at 20˚C in that report may have optimized plant growth rather than triggering low-temperature stress responses. The production of various plant metabolites is influenced by root-zone temperature in many plants, including leaf vegetables [30] - [34] [46]- [49] . Our results showed that human-preferred compounds such as anthocyanin, phenols, and sugar were significantly increased in red leaf lettuce leaves when their roots were exposed to low temperature (Figure 2 and Figure 3) . In support of our results, sugar accumulation has been observed in spinach, cotton, and tomato upon exposure of the roots to low temperature [34] [48] [49] . In contrast, we showed that exposure of roots to high temperature did not alter the contents of anthocyanin, phenols, and sugars in the leaves (Figure 2 and Figure 3) . However, raising soil temperature with electric heating cables suppressed the accumulation of lettuce anthocyanin and sugar in a previous field experiment [47] . Because root oxygen consumption was not influenced by root exposure to high temperature (Figure 5) , the heating temperature range (25˚C and 30˚C) in our experiment may not have been sufficient to cause a stress response, leading to growth reduction. Interestingly, while the sugar content was altered in the leaves and roots by low root-zone temperature treatment (Figure 3) , the nitrate concentration was significantly changed only in the leaves, where it decreased to 40% of that in plants under ambient conditions (Figure 4) . Given that the photosynthetic consumption of nitrate is probably not increased in the leaves by low root temperature stress, suppression of the root nitrate transport to leaves may be the cause of the decreased leaf nitrate concentration.
Root stress, such as drought and salinity, induce the restriction of plant growth, followed by impairment of the leaf photosynthetic capacity [4] . Plant growth inhibition and reduction in photosynthesis have been observed when plants were subjected to low root temperature in some plants [50] - [52] . Subjection of roots to low temperature caused a decline of water uptake, leading to an inhibition of photosynthesis in the shoot growing zones [53] . In Arabidopsis, overexpression of a plasma membrane water channel protein alleviated low root-zone temperature-induced decline of hydraulic activity and plant growth, implicating the role of water uptake in root temperature stress [52] . We observed drought stress-like reduction of the top and root water contents following root exposure to low temperature ( Table 2) . Because drought stress triggers various secondary metabolic pathways, the leaf production of anthocyanin, phenols, and sugar in our experiment may be a result of the activation of drought stress response (Figure 2 and Figure 3) . Indeed, drought stress applied to the roots induced the accumulation of phenols and sugar in hydroponically grown lettuce seedlings [19] .
Environmental stress-induced photosynthetic impairment often accompanies oxidative stress [54] . Plants subjected to drought, salinity, and low temperature cause oxidative stress, followed by the reduction of the photosynthetic capacity of the oxygen-evolving complex and associated cofactors in photosystem II (PSII), resulting in limitation of the plant biomass [54] [55] . Salinity stress triggers oxidative stress in leaves, such as the production of ROS, activation of antioxidative enzymes, and leaf chlorosis [42] . Our study revealed that low temperature treatment of lettuce roots induced the accumulation of hydrogen peroxide in the leaves (Figure 6 ), accompanied by lipid peroxidation (Figure 8 ). This finding indicated that low temperature stress to the root-zone triggered oxidative stress in leaves, presumably by restricting photosynthesis. Plants cope with oxidative stresses by producing antioxidative metabolites including phenolic compounds like anthocyanin [44] [56] . Our results showed that the leaf anthocyanin and phenol contents are increased by root exposure to low temperature (Figure  2) , suggesting the antioxidative roles of these metabolites in response to increased leaf hydrogen peroxide (Figure 6) . Moreover, the radical scavenging capacity represented by DPPH was increased in leaves (Figure 7) , suggesting the activation of ROS scavenging machinery. Indeed, lettuce exposed to low air temperature showed elevated production of anthocyanin and polyphenols and increased DPPH radical scavenging capacity [57] . The Arabidopsis MYB transcription factor AtMYB60 functions as a transcriptional repressor of anthocyanin biosynthetic genes in lettuce [58] . Given that MYB family proteins are common regulators of the anthocyanin synthetic pathway in many plants [59] , low root-zone temperature-induced anthocyanin accumulation in the lettuce leaves is also regulated by intrinsic MYB transcriptional factors. To increase the productivity of human-preferred plant secondary metabolites, regulation of these transcription factor(s) may be important for the production of crops with added quality.
